Background: Mild cognitive impairment (MCI) is an intermediate state between normal aging and dementia including Alzheimer's disease. Early detection of dementia, and MCI, is a crucial issue in terms of secondary prevention. Blood biomarker detection is a possible way for early detection of MCI. Although disease biomarkers are detected by, in general, using single molecular analysis such as t-test, another possible approach is based on interaction between molecules. Results: Differential correlation analysis, which detects difference on correlation of two variables in case/control study, was carried out to plasma microRNA (miRNA) expression profiles of 30 age-and race-matched controls and 23 Japanese MCI patients. The 20 pairs of miRNAs, which consist of 20 miRNAs, were selected as MCI markers. Two pairs of miRNAs (hsa-miR-191 and hsa-miR-101, and hsa-miR-103 and hsa-miR-222) out of 20 attained the highest area under the curve (AUC) value of 0.962 for MCI detection. Other two miRNA pairs that include hsa-miR-191 and hsa-miR-125b also attained high AUC value of ≥ 0.95. Pathway analysis was performed to the MCI markers for further understanding of biological implications. As a result, collapsed correlation on hsa-miR-191 and emerged correlation on hsa-miR-125b might have key role in MCI and dementia progression. Conclusion: Differential correlation analysis, a bioinformatics tool to elucidate complicated and interdependent biological systems behind diseases, detects effective MCI markers that cannot be found by single molecule analysis such as t-test.
Background
Early detection of dementia is a crucial issue in terms of secondary prevention. Mild cognitive impairment (MCI) is an intermediate state between normal aging and dementia including Alzheimer's disease [1] [2] [3] . On average, more than half MCI patients convert to dementia in 5 years, but some MCI patients remain stable or recover to normal over time [3] [4] [5] . This is why early detection and treatment of MCI is incredibly important. regulation of miRNA plays a central role in pathological events underlying cancers and neurodegenerative diseases [11] [12] [13] .
A common statistical approach to detect disease biomarkers is differential expression analysis usually based on t-test between controls and patients [14] . Serum and plasma miRNA biomarkers for AD have been detected by differential expression analysis [15, 16] . Although differential expression analysis is a single molecular analysis, another possible approach is based on interaction between molecules. Such approaches, which are based on the interaction between molecules, can detect more stable and accurate biomarkers, since the interaction is array-and kit-free: a difference in mean can be easily affected by a small change in absolute expression value, but the interaction-based approach can be robust in that change. Differential correlation analysis (differential coexpression analysis, [17, 18] ), an interaction-based approach, finds different types of biomarkers in terms of correlation change between controls and patients.
Differential correlation has been observed in AD and cancers [19, 20] .
In this paper, differential correlation analysis was carried out to plasma miRNA expression profiles of 30 agematched controls and 23 MCI patients in Japan. Pathway analysis was performed to the detected MCI biomarkers for further understanding of biological implications of the MCI markers.
Methods

Participants
The use of human volunteer in this study was approved by the Ethical Review Board of Japan's National Center for Geriatrics and Gerontology (NCGG) and the Committee of Medical Ethics of Hirosaki University School of Medicine Institutional Review Board in Japan. We used blood samples collected in NCGG Biobank and Hirosaki University School of Medicine and Hospital. Written informed consent was obtained from all participants or their family prior to the study. The characteristics of the participants are shown in Table 1: the participants were 30  age-and race-matched controls (Normal, 12 males and 18 females, mean age of 70.4) and 23 Japanese MCI patients (11 males and 12 females, mean age of 72.8). In NCGG, amnestic MCI (MCI) was diagnosed following the criteria defined by Petersen et al. [5] .
Sample preparation
Total RNA was extracted from plasma using the miRNeasy Mini Kit (Qiagen) according to the manufacturer's instructions with the following modifications. Plasma was thawed on ice and centrifuged at 3000×g for 5 min in a 4°C microcentrifuge. Negative controls excluding template from the reverse transcription reaction were assayed and profiled in the same manner of the other samples. The amplification was performed in a LightCycler®480 Real-Time PCR System (Roche) in 384 well plates. The amplification curves were analyzed using the Roche LC software (ver. 1.5), both for determination of Cp (by the second derivative method) and for melting curve analysis.
Data filtering
The raw data was extracted from the Light cycler 480 software. The GenEx software (Exiqon) was used for data filtering analysis. Any assay data value must be detected below Cp <37 or at least 3 Cp lower than negative Table 3 . Solid and broken lines indicate positive and negative correlations, respectively control value to be included in the data analysis. Data that did not pass these criteria were omitted from any further analysis. The amplification efficiency was calculated using the LinRegPCR software. Reactions with amplification efficiency below 1.6 were also removed. All data was normalized to the average of assays detected in each sample (-dCp= average Cp [<37] -assay Cp). We then adopted 85 miRNAs out of 745 (Table 2 ) detected in over 80% samples in either one of the compared two conditions followed by filtering out low expression values (<20%).
Differential correlation analysis
Effective MCI markers can be found by differential correlation analysis, which investigates the difference of correlation coefficients between two classes of controls and MCI patients. In differential correlation analysis in our study, all possible miRNA pairs are ranked by the difference of two correlation coefficients
where r 1 , r 2 are Spearman's rank correlations of a miRNA pair for controls and MCI patients, respectively. MiRNA pairs with a high score of (1) are candidates of MCI markers. Differential correlation analysis in our study also provides the p-value of a pair of miRNAs as a reference for statistical significance of the difference of correlation coefficients. For this purpose, normalized rank correlation [21, 22] , r n , is utilized as a robust and Pearson-type correlation coefficient:
where is the distribution function of the standard normal distribution and R i and Q i are the ranks of the expression values x i and y i of two miRNAs, respectively. In our study, the value of normalized rank correlation r n is quite similar with that of Spearman rank correlation: the mean of the difference between normalized rank correlations and Spearman's rank correlations for all miRNA pairs was only 0.001 in our data set. Hypothesis testing to investigate the equality of two normalized rank correlation coefficients is then applied according to a likelihood ratio test in [23, 24] . The p-value can be calculated through the hypothesis testing. We used Spearman's rank correlation for the difference calculation on correlation Table 3 . Bold: top five miRNAs coefficients (1) and used the normalized rank correlation for p-value calculation. Evaluation of the performance of a miRNA pair as MCI marker is not straight-forward. We here apply receiveroperator characteristic (ROC) analysis on logistic regression with an interaction term of two miRNAs:
where p is the probability that a sample is in MCI class, β 0 , β 1 , β 2 , β 12 are regression coefficients and X 1 , X 2 are the expression value of two miRNAs, respectively. The interaction term β 12 X 1 X 2 is essential for the evaluation of two miRNAs detected by differential correlation analysis. If the correlation coefficient between X 1 and X 2 is altered between controls and MCI class, then the interaction term significantly affects the discrimination of MCI from controls. The area under the curve (AUC) value (=0 to 1) is estimated through ROC analysis based on the estimated probabilitiesp 1 , ....,p n for all samples of controls and MCI patients. If the estimated probabilities for controls and MCI patients are much different (e.g.,p < 0.5 for controls andp > 0.5 for MCI patients), then AUC value will be 1 (completely separated). In order to evaluate of the performance of several pairs of miRNAs as MCI markers, logistic regression with multiple interaction terms can be available:
where C is a set of miRNA pairs that are differentially correlated between controls and MCI patients. For example, four miRNA pairs (miRNA 1-2, 1-3, 3-4 and 4-5) with five miRNAs can be incorporated in the logistic regression model, log p/( 
Results
Differential correlation analysis
Differential correlation analysis was applied to the data set with 85 miRNAs for age-matched samples of 30 controls and 23 MCI patients (Tables 1 and 2 ). The 3570 possib le pairs from the 85 miRNAs were ranked, according to the difference of correlation coefficients between controls and MCI patients. The 20 pairs of miRNAs, which had the difference of correlation coefficients of |r 1 − r 2 | > 0.8, were selected as biomarkers that distinguish MCI patients from controls (Table 3 ). The AUC value by each of the 20 miRNA pairs was 0.800 ± 0.051 ranged between 0.718 and 0.880. Figure 1 shows scatterplots and ROC curves for each of top five miRNA pairs selected by differential correlation between normal and MCI (see also Additional file 1 for the remained miRNA pairs). Figure 2 shows correlation networks of the 20 miRNA pairs. AUC value for all two-pairs of the 20 miRNA pairs was also calculated by using (4). Table 4 shows summary of the top 10 two-pairs of miRNAs out of 190 possible pairs. Two miRNA pairs (hsa-miR-191 and hsamiR-101, and hsa-miR-103 and hsa-miR-222) attained the highest AUC value of 0.962 for MCI detection (Fig. 3) . Other two miRNA pairs that include hsa-miR-191 and hsa-miR-125b also attained high AUC value of ≥ 0.95 (Table 4) .
Pathway analysis
We performed Ingenuity Pathway Analysis (IPA) about correlation networks to be lost and emerged in the MCI. Figures 4 and 5 show estimated networks through IPA on the 10 and 11 miRNAs, which are highly correlated with each other in Normal and MCI respectively. IPA revealed that the 10 highly correlated miRNAs in Normal were composed of networks surrounding Akt, IGF1, PPARA, IL6 and AGO2 genes. The IPA showed that TP53 genes directly regulated all of 11 highly correlated miRNAs in MCI. Pathways enriched for target genes of 10/11 highly Tables 6  and 7 .
T-test
Traditional t-test was applied to the same data set with 85 miRNAs for age-matched samples of 30 controls and 23 MCI patients (Tables 1 and 2 ). The detail was described in Additional file 2. The 22 miRNAs out of 85 were detected as MCI markers (Table 5 and Additional file 2). The AUC value by each of the 22 miRNAs was 0.784 ± 0.017 ranged between 0.748 and 0.828. Importantly, differential correlation analysis detected much different and (Table 5) : mean AUC value = 0.800 ± 0.051 (differential correlation analysis), = 0.784 ± 0.017 (t-test). Also, the highest AUC value of any four miRNAs from the 22 miRNAs (Figure 4 in Additional file 2) was less than the highest in the twopair approach, which investigate the performance of three to four miRNAs simultaneously, in differential correlation analysis.
Discussion
Pathway analysis, IPA, allows us for further understanding of biological implications of the detected 20 MCI maker pairs of miRNA. Validation study and brain-based previous studies can support the results of differential correlation analysis and IPA.
IPA showed that 10 highly correlated miRNAs in Normal were composed of networks surrounding Akt, IGF1, PPARA, IL6 and AGO2 genes (Fig. 4) . Akt, IGF1 and Irs3 are key molecules in insulin signaling pathway and PPARA is a regulator of lipid metabolism. Moreover, insulin, mTOR and PI3K-Akt signaling pathway were ranked among top 5 analyzed by DIANA-miRPath, which predicted miRNA targets through DIANA-microT-CDS and combined their interactions into KEGG pathway (Table 6 ). These pathways included target genes of 9 miRNAs except for miR-191. Previous studies consistently reported that identified biomarkers, changed genes and networks in AD patients or AD model were involved in insulin-related signaling [8, 25, 26] . Indeed, experimentally validated evidences support key role of miR-103a-3p, miR-320a and miR-590-5p in metabolic pathway [27, 28] and miR-103a-3p association with AD [29] [30] [31] . In Fig. 2 , we found that miR-103a-3p and miR-191 served as hub miRNAs of 12 edges of pair correlations in Normal. miR-191 is also a widely used biomarker for diseases like cancers, type-2 diabetes and AD [32] . Considering the significant upregulation of miR-191 in MCI (t-test), these findings supposed that MCI stage lost miRNA correlations as cause and/or effect of changed expression balance among miR-191 and members in insulin related signaling. Lost of their correlation could become a discriminative marker for MCI. There are newly emerged correlation network with a hub miRNA, miR-125b in MCI patient plasma. The IPA showed that TP53 genes directly regulated all of 11 highly correlated miRNAs in MCI (Fig. 5) . TP53 has been explored originally as a tumor suppressor, but recently reported about other aspects to control diseases such as aging and metabolism [33] . There are accumulated studies that the change of TP53 protein, its modification and conformation were observed in AD patient brains [34] [35] [36] and blood [37] . Intriguingly, Le et al. demonstrated that miR-125b bound to 3' untranslated region of TP53 mRNA and worked as a negative regulator of TP53 [38] , which means a possible presence of negative feedback loop. The result of DIANA-miRPath indicated that MAPK, TGF-beta and Neurotrophin signaling pathway were characteristic in MCI, although there were overlapped pathways in Normal and MCI (Table 7) . Similarly to TP53 signaling, these pathways have common biological functions such as cell survival, cell cycle and apoptosis. In this study, change of TP53 function might be detected as generated new correlations of the downstream miRNAs.
This study focuses on biomarker detection for MCI, not on mechanism that how were plasma miRNAs produced from brain. However, brain-based studies also support reliability of hsa-miR-191 and hsa-125b as MCI markers. For example, expression change of miR-191 is required for maintenance of spine restructuring in mouse hippocampus [39] , and miR-125b effects on dendritic spine morphology and synaptic physiology in hippocampal neurons of mouse [40] , where it has been shown that MCI and AD is a synaptic failure [41] [42] [43] .
In summary, collapsed correlation on hsa-miR-191 and emerged correlation on hsa-miR-125b might have key role in MCI, and dementia progression.
Conclusions
Differential correlation analysis, which detects difference of correlation in case/control study, was carried out to plasma miRNA expression profiles of 30 age-and racematched controls and 23 Japanese MCI patients. The 20 miRNA pairs were selected as biomarkers for MCI. The 20 miRNAs were more sensitive and different from that by t-test.
Pathway analysis showed that, in particular, collapsed correlation on hsa-miR-191 and emerged correlation on hsa-miR-125b might have key role in MCI, and dementia progression. Differential correlation analysis detects effective MCI markers that cannot be found by single molecule analysis such as t-test. Also, differential correlation analysis could be a key bioinformatics tool to find sensitive biomarkers and to elucidate complicated biological systems behind diseases. 
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